Oltipraz (4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione) (OPZ) is recognized as a potent chemoprotective agent against chemical-induced carcinogenesis in several animal models and is thought to act mainly by inducing phase II conjugating together with inhibiting phase I detoxication enzymes. The present study was undertaken to determine whether oltipraz can also influence expression of genes encoding antioxidant enzymes. In rat hepatocytes in primary culture, this compound was found to selectively induce the transcription of the manganese superoxide dismutase (Mn-SOD) gene while it had no effect on copper/zinc-SOD and glutathione peroxidase genes. Oltipraz increased Mn-SOD gene expression in a time-and dose-dependent manner by 2-to 3-fold and enhanced the binding activity of the nuclear factor kappa B within 30 min. Moreover, the increase in Mn-SOD gene transcription was associated with a 2-to 3-fold increase of free malondialdehyde and conjugated dienes, two markers of lipid peroxidation, an index of oxidative stress. These results suggest that in rat hepatocytes, oltipraz induced a production of reactive oxygen species that probably acted as second messengers in order to trigger the transcription of many genes. Such a mechanism of action of OPZ and other dithiolethiones would account for the broad spectrum of action of these anticarcinogenic compounds.
Introduction
Oxidative biotransformation of a number of chemicals by cytochromes P450 (CYP*) can lead to the formation of electrophilic metabolites and/or reactive oxygen species (1) . Electrophilic compounds are usually inactivated by phase II enzymes, particularly glutathione transferases (GSTs) that constitute a multigene-family of dimeric proteins possessing a broad variety of functions (2) , while reactive oxygen species can be scavenged or eliminated by antioxidant enzymes such as catalase, glutathione peroxidase (GPx), some GST subunits and superoxide dismutases (SODs). GPx reduces hydrogen peroxide to water, and lipid peroxides to their hydroxylated derivatives (4) and GSTs, particularly of the α class, catalyses the conjugation of reduced glutathione with oxidized DNA and lipids (2) . The major role in cellular defence against reactive oxygen species is played by the SODs, which catalyse the conversion of the superoxide anion to hydrogen peroxide (3) . Eukaryotic cells contain two forms of SOD enzymes, the manganese SOD (Mn-SOD) located in the mitochondrial matrix and the copper-zinc SOD (CuZn-SOD) which is mainly found in the cytoplasm (3) . The antioxidant enzymes can be modulated by various exogenous and endogenous compounds. Induction of Mn-SOD in the liver has been observed following treatment with paraquat (5) and dinitrophenol (6) . Recent studies have shown that Mn-SOD gene transcription is stimulated by the cytokines tumour necrosis factor and interleukin-1 (IL-1) (7) and that the GSTA2 and M1 are downregulated by IL-1 in primary rat hepatocyte cultures (8) .
In recent years, much attention has been paid to possible protection against cytotoxic and carcinogenic compounds by co-administration of natural and synthetic chemicals (9) . Among the potent chemoprotective agents are the dithiolethiones, which are found in cruciferous vegetables (10) . Oltipraz (OPZ, 4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione), a synthetic derivative originally developed as an antischistosomal agent, has been found to protect against chemical carcinogenesis in many tissues in rodents (11) . This compound is currently under evaluation as a cancer chemopreventive agent in human populations with high risk of exposure to environmental carcinogens (11) . The chemoprotective actions of OPZ have been associated with the induction of carcinogen detoxicating enzymes such as GSTs and inhibition of CYPs (11) . Indeed many GST subunits are inducible by OPZ addition to the diet (12) or to primary hepatocyte cultures (13) . Moreover, induction of the GSTA1/2 subunits is the result of an enhanced transcriptional rate of the genes (14) . However, additional mechanisms should be involved since OPZ elicits a broad spectrum of anticarcinogenic action. Recently, it has been demonstrated that haeme oxygenase and ferritin were transcriptionally induced by 1,2-dithiole-3-thione, suggesting the existence of an additional level for cancer chemoprotection and implying a cellular antioxidant protection and a lowered production of reactive oxygen species (15, 16) . This raised the question as to whether chemoprotective agents such as OPZ could control the expression of antioxidant enzymes.
In this report, we bring the first demonstration that OPZ specifically increases transcription of the Mn-SOD gene, possibly through the production of reactive oxygen species as second messengers and NF-κB transcription factor as transducer, in primary rat hepatocyte cultures. The production of reactive oxygen species by OPZ may represent a general mechanism of action for this compound and may in part elucidate its broad spectrum of action, since many genes can be regulated by a redox mechanism.
Materials and methods

Cell isolation and culture
Hepatocytes were isolated by perfusion of the liver of male Sprague-Dawley rats (180-200 g) with a collagenase solution as previously described (17) .
Cell viability was estimated by the trypan blue exclusion test and was found to range between 85-90%. Cells were maintained at 37°C in a humidified atmosphere of 95% air/5% CO 2 . At 4 h after cell seeding, a serum-free medium consisting of 75% minimum essential medium and 25% medium 199 supplemented with 10 µg bovine insulin/ml, 0.1% bovine serum albumin and 100 nM dexamethasone were added to the cultures. The medium was renewed daily and oltipraz was added 48 h after cell seeding. OPZ was dissolved at a concentration of 25 mM in DMSO before addition to the culture medium. Control cultures received the same concentration of vehicle (0.2%).
Culture media and fetal calf serum were obtained from Gibco (Paisley, Scotland). Collagenase, bovine serum albumin, dexamethasone and bovine insulin were from Sigma Chemical Co. (St Louis, CO).
RNA blot analysis and nuclear run on assay
After extraction by the method of Chomczynski and Sacchi (18) , total RNA (10 µg) was electrophoresed on a 1% agarose-formaldehyde gel, transferred onto nylon membranes and hybridized overnight at 65°C with DNA probes labelled with [α 32 P]dCTP by random priming, as previously described (7). Specific cDNA probes were rat Mn-SOD (pSP65-RMS), rat CuZn-SOD (pUC13-RCS) and rat GPx (LK440-cGP) kindly provided by Dr Y.Ho (MI, USA). Relative mRNA amounts were determined by densitometric analysis and were corrected for differences in RNA loading by comparison with the signal obtained for 18S rRNA (19) , as previously described (20) .
Nuclear run on experiments were done as described previously (8, 20) . Specific probes used were β-actin, albumin and Mn-SOD. The background hybridization signal was determined using plasmid DNA.
Nuclear protein extracts and gel retardation assay
Nuclear extracts from cultured hepatocytes were prepared by the method of Cereghini et al. (21) without dialysis. The nuclear factor kappa B (NF-κB) binding activity was determined using a double stranded oligonucleotides containing the NF-κB consensus sequence of the human serum amyloid A gene (22) . The binding reactions were carried out as previously described using 1 µg poly (dI-dC) (7). Aliquots of 5 µg of proteins were added to the reaction mixture and incubated for 10 min on ice. The DNA-protein complexes were resolved on a 6% acrylamide gel in 0.5ϫ TBE (45 mM Tris-borate, 1.25 mM EDTA) at 22 mA for 2 h. The gel was then fixed, dried and subjected to autoradiography.
Evaluation of lipid peroxidation
The extent of lipid peroxidation, which is an index of the oxidative stress, was estimated by measuring extracellular free malondialdehyde (MDA) and conjugated dienes as previously described (23) . MDA, the secondary product of hydroperoxide degradation, was determined on the ultrafiltrate of culture medium by high performance liquid chromatography using a size exclusion column. Conjugated dienes resulted from the peroxidation-induced rearrangement of the double bonds originally present in the polyunsaturated fatty acids. They were evaluated by the second derivative ultraviolet spectrum of the chloroform cell lipid extract. The value of conjugated dienes was corrected for the cell lipid content estimated by Fourier transform infrared spectroscopy as described previously (23) .
Statistical analysis
Statistically significant differences between control and treated cells were obtained using the Student's t-test. The minimal level of significance was P Ͻ 0.05.
Results
The effects of oltipraz on expression of the main antioxidant enzymes Mn-SOD, CuZn-SOD and GPx were investigated in cultured rat hepatocytes. The cells were first treated for 24 h in the presence of 25, 50 or 100 µM OPZ. Since the dose of 50 µM was previously found to induce the highest levels of GST mRNA in the same experimental model (8), we selected this dose to determine the kinetics of Mn-SOD gene induction by OPZ (Figure 2 ). OPZ exerted a rapid 2-to 3-fold increase in Mn-SOD gene expression, 2 . Time course of Mn-SOD induction by OPZ in rat hepatocytes in primary culture. At the indicated time-points, RNA was isolated and analysed using radiolabelled Mn-SOD cDNA. The mRNA signal was quantitated by densitometry and normalized for differences in RNA loading by using the 18S rRNA probe. Data are expressed as the percentage of control vehicle-treated hepatocytes. Each value is the mean Ϯ SEM of results from four independent experiments carried out in duplicate.
reaching a maximum after 4 h of treatment and then remaining stable until 24 h.
The mechanism of regulation of the Mn-SOD gene by OPZ was investigated using nuclear run on experiments (Figure 3 ). Nuclei were prepared after a 12-h treatment of the cells with included as a control, was not affected by the treatment.
Since the NF-κB transcription factor is a good candidate for the control of Mn-SOD gene transcription, the DNA binding activity of this factor was estimated by gel retardation with nuclear extracts from rat hepatocytes treated for 30 or 60 min with 50 µM OPZ (Figure 4) . OPZ was found to rapidly increase the specific DNA binding activity of NF-κB.
Because Mn-SOD and NF-κB can be both induced by an oxidative stress, we evaluated the possible occurrence of an oxidative stress induced by OPZ by evaluating lipid peroxidation, which is a good index of an oxidative stress ( Figure 5 ). Hepatocytes were treated by 25, 50 and 100 µM OPZ for 24 h and the production of MDA and conjugated dienes, products of lipid peroxidation, was measured in the culture medium and in cell lipids respectively. MDA was significantly increased by 3-fold with all the concentrations of OPZ used whereas conjugated dienes were significantly elevated only with the concentrations of 50 and 100 µM OPZ.
Discussion
Knowledge of the mechanisms underlying OPZ inhibition of tumour formation would provide significant insight into the process of chemoprotection. Dithiolethiones and particularly OPZ are efficient cancer chemopreventive agents whose action has been largely associated with the induction of carcinogen detoxifying enzymes, including quinone reductase, epoxide hydrolase, UDP-glucuronyltransferases and especially GSTs (10) . Recently, 1,2-dithiole-3-thione was also reported to induce haeme oxygenase and ferritin at the transcriptional level suggesting an additional mechanism for cancer chemoprevention through a cellular antioxidant protection and a lowered production of reactive oxygen species (15, 16) .
We show here for the first time that OPZ stimulates the transcription of the Mn-SOD gene and increases lipid peroxidation in rat hepatocytes in primary culture. This identification of a new gene up-regulated by OPZ, which is known to act through an oxidative stress suggests a new level of gene regulation in response to dithiolethiones. Mn-SOD is a primary antioxidant enzyme that protects cells from oxidative damage by rapidly converting superoxide radicals into hydrogen peroxide (3). Indeed, induction of Mn-SOD has been shown to be associated with an increased tolerance to subsequent oxidative stress. Induction of this antioxidant enzyme by OPZ may confer to the cells a high antioxidant status, contributing to its chemoprotective effects. The specific induction of Mn-SOD gene transcription observed in this study is similar to the stimulation that occurs following tumour necrosis factor treatment and is also associated with the production of reactive oxygen species (7) . While the effect of OPZ on Mn-SOD is very rapid, it is maximum after 4 h, we postulate that the production of reactive oxygen species may be rapid and perhaps result from the metabolism of OPZ itself. Indeed the half-life of this compound in the rat is short, about 2.5 h, suggesting that it is rapidly metabolized (24) .
Our results provide evidence for a 2-fold decrease of albumin gene transcription elicited by OPZ (Figure 3 ) whereas the level of the mRNA remained unchanged until 24 h of treatment ( Figure 1 ). This discrepancy could be explained by the long lasting half-life of albumin mRNA in hepatocytes in primary culture since a 72-h treatment with OPZ elicited a net decrease in albumin mRNA levels (F.Morel, personal communication).
Free radicals and reactive oxygen species may play a critical role in tumour promotion and in the regulation of cell division (25) . Moreover the activity of Mn-SOD is decreased in many transformed cell lines and tumour tissues, especially in hepatocarcinomas (26) , suggesting that altered Mn-SOD gene expression plays an important role in the development of cancer (27) . Enhanced expression of Mn-SOD suppresses the metastasis of fibrosarcoma, suggesting that manipulations of Mn-SOD activity in tumour cells could lead to an increase in the cure rate of cancer patients (28) . The induction of Mn-SOD gene transcription by the chemopreventive agent OPZ stresses the importance of this gene in the control of the cellular oxidant status in the mechanisms of cancer prevention and development.
Elucidation of the chemical events underlying selective induction of Mn-SOD enzyme is crucial for understanding the mechanism of action of OPZ. Our results appeared to be contradictory since OPZ induced an oxidative stress and elicited an antioxidant status. The existence of an OPZ-induced oxidative stress in rat hepatocyte cultures corroborates a number of results suggesting that the production of reactive oxygen species by some chemoprotective agents may be related to their ability to induce biosynthesis of Phase II enzymes (12, 13, 29) . The moderate increase in lipid peroxidation observed in our model could reflect a production of reactive oxygen species corresponding rather more to a second messenger production than to a true oxidant injury, which would be toxic for the cells. Indeed it has been suggested that reactive oxygen species may serve as natural second messengers in normal cellular processes (30) . Our results are in agreement with a recent report demonstrating that OPZ, in conjunction with thiols, particularly glutathione, mediates the conversion of molecular oxygen to reactive oxygen species (31) .
The activity of a number of transcription factors is modulated by redox events (32) , and it appears that reactive oxygen species are involved in the regulation of gene expression. NF-κB is one of the known transcription factors whose activity can be regulated by oxidation-reduction events (29) . The presence of NF-κB recognition sequences in the regulatory region of rat, mouse and human Mn-SOD genes (33) (34) (35) suggest that the agents that increase oxidant potential in the cells could induce Mn-SOD by activating the transcription factor NF-κB. Indeed it has been demonstrated that NF-κB is rapidly activated in response to treatments with oxidizing agents such as H 2 O 2 (29) . Moreover NF-κB has been shown to be activated in parallel with Mn-SOD by TNF and IL-1 (7, 36 ). Here we demonstrate that OPZ rapidly activates NF-κB in rat hepatocytes in primary culture, which may contribute to the early activation of Mn-SOD gene transcription by OPZ. However, a second responsive element has been identified to mediate OPZ effects, the antioxidant responsive element (ARE). The ARE and its DNA binding protein(s) are part of the signal transduction pathway that enables eukaryotic cells to sense and respond to oxidative stress (37) . ARE sequences have been identified in OPZ responsive genes such as GST or quinone reductase (38) but also in the 5Ј flanking region of the mouse Mn-SOD gene (34). Whether ARE is able to transduce the OPZ effect on Mn-SOD gene transcription remains to be determined.
Finally, these findings support the importance of Mn-SOD as a protector against oxidative damage and carcinogenesis and suggest that Mn-SOD induction is part of a generalized protective cellular response elicited by OPZ. In addition the production of reactive oxygen species after OPZ treatment may represent a general mechanism for the induction of gene expression by this chemoprotective compound, which may elucidate its broad spectrum of action. Thus dithiolethiones like OPZ appear to activate, through an oxidative mechanism, multiple protective pathways that may serve to enhance their effectiveness as cancer chemopreventive agents.
